Anisotropic Zeeman splitting in p-type GaAs quantum point contacts 
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Low-temperature electrical conductance spectroscopy measurements of quantum point contacts 
implemented in p-type GaAs/AlGaAs heterostructures are used to study the Zeeman splitting of 
ID subbands for both in-plane and out-of-plane magnetic field orientations. The resulting in-plane 
^-factors agree qualitatively with those of previous experiments on quantum wires while the quan- 
titative differences can be understood in terms of the enhanced quasi- ID confinement anisotropy. 
The influence of confinement potential on the anisotropy is discussed and an estimate for the out- 
of-plane ^-factor is obtained which, in contrast to previous experiments, is close to the theoretical 
prediction. 



PACS numbers: 73.23.Ad, 73.63.Rt, 73.61. Ey 

INTRODUCTION 

A magnetic field changes the energy of an electron by 
coupling to its magnetic moment, according to 

Ai?^^ = g*^iBB, (1) 

an effect known as the Zeeman splitting. Here fiB = 
he/2mo ^ 58 /ieV/T is the Bohr magneton and mo is 
the free-electron mass. For a free electron in vacuum 
g = 2 while in a solid-state environment the spin-orbit 
interaction (SOI) strongly modifies the Zeeman shift [TJ 
[2]. As a result, for conduction-band electrons in bulk 
GaAs, the ^-factor is equal to ^n-GaAs ~ -0-44 [3 . 

A much richer spin physics is expected in spin-3/2 (va- 
lence band) hole systems [4 . In bulk GaAs, the top of 
the valence band is composed of heavy holes (HHs with 
the spin projection m = ±|), and light holes (LHs with 
the spin projection m = ±^), which are degenerate at 
k = 0. In two-dimensional hole gases (2DHGs) the quan- 
tum confinement causes an energy splitting between LHs 
and HHs, thereby making the growth direction the pre- 
ferred direction of spin quantization for the HHs, the ma- 
jority carriers at moderate densities [4]. As a result. Zee- 
man splitting is significant for fields perpendicular to the 
plane while it is expected to be zero for in-plane mag- 
netic fields (5||) in quantum wells (QWs) grown on high- 
symmetry (001) and (111) surfaces as the Zeeman split- 
ting has to compete with the HH-LH splitting [5^ ^ . For 
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other growth directions, however, a 5|| -linear splitting is 
predicted and observed [5 with a magnitude depending 
on the in-plane orientation of B\\ relative to the crystal- 
lographic axes [5j. 

Another interesting property of the valence band is 
that states having a finite in-plane /cy are no longer pure 
HHs but contain admixtures from the LHs (which have 
a non-zero in-plane ^f-factor) and therefore the in-plane 
^-factor is finite for finite densities even if it is zero at 
the subband edge. Moreover, any further confinement 
changes this HH-LH mixing, modifying the anisotropy of 
the in-plane Zeeman splitting. 

While the ^-factor measurements in 2D rely on the in- 
volved techniques of subband depopulation or method of 
coincidence measurement based on Shubnikov-de Haas 
oscillations acquired at different angles [Tj , in ballis- 
tic systems with lower dimensions the subband struc- 
ture provides direct information about the Zeeman spin- 
splitting. Therefore, ID confined nanostructures are the 
natural choice for studying these effects. 

Recent technological developments have enabled the 
fabrication of stable hole-based nano-structures in p-type 
GaAs leading to the observations of a plethora of new 
features, exemplified by anisotropic Zeeman shift in ID 
systems, discussed here. 

The first evidence for unusual spin physics in p-type 
nano-structures was reported by Danneau et al. [8 on 
quantum wires made in a 2DHG grown on (311) surface 
of GaAs. On this surface the two main in-plane crys- 
tallographic directions [Oil] and [233] have different 2D 
^-factors which are equal to 0.2 and 0.6 respectively [4]. 

In their ID system aligned along [233], Danneau et 
al. [8 observed that the spin degeneracy is lifted when 
the in-plane magnetic field B\\ is applied parallel to the 
quantum wire. The effective ^-factor was found to in- 
crease with increasing subband index towards the 2D 
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limit of 0.6. When B\\ was oriented perpendicular to the 
wire, no spin splitting was discernible up to B\\ = 8.8 T. 
The authors associated this result with the importance 
of quantum confinement in spin-3/2 systems. 

Motivated by this work, Koduvayur et al. ^ studied 
quantum point contacts (QPCs) made by AFM lithog- 
raphy [TOl [11] along both [Oil] and [233] directions on 
(311) surface and concluded that the anisotropy of the 
spin-splitting of one-dimensional hole systems arise pri- 
marily due to the crystallographic anisotropy of the SOI 
rather than the ID confinement. They reported that the 
effective ^-factor does not depend on the ID subband- 
index N for B \\ [Oil] but has a strong A^-dependence 
for 5 II [233]. Klochan et al. [12] repeated this experi- 
ment on quantum wires made along both [Oil] and [233] 
directions in a 2DHG defined on the (311) surface. In 
contrast, they found that in spite of the two-dimensional 
anisotropy of the Zeeman splitting, the ^-factor is signifi- 
cantly altered by a subband-dependent value for in-plane 
magnetic fields parallel to the wires. In magnetic fields 
perpendicular to the wires in both directions, the result 
was essentially equal to the aforementioned 2D limit. 

These experiments suggested that the role of confine- 
ment anisotropy might be different in quantum wires and 
QPCs motivating more experiments. This is conceiv- 
able because the lateral confinement is expected to be 
more relevant in long quantum wires than in point con- 
tacts making the former more alike ideal ID systems. 
Moreover, it would be desirable to perform these ex- 
periments on nano-structures made from high symmetry 
QWs where the crystallographic anisotropy does not play 
a role. Recently Chen et al. [13 did similar experiments 
on quantum wires fabricated along the [110] and [110] 
crystallographic axes of a (OOl)-oriented heterostructure 
and reported similar confinement anisotropy of the hole 
^-factor [U^. Moreover, they reported a monotonic in- 
crease of the ^-factors with the subband index approach- 
ing ^* = 0.5 for > 4. 

We have measured the Zeeman splitting in eight QPCs 
defined by both AFM and e-beam lithography tech- 
niques in the so-called In-Plane-Gate technology [T5] 
(low- left inset of fig.jlja)). They were oriented along ei- 
ther [110] or [110] directions on the (OOl)-plane of a p- 
type GaAs/AlGaAs heterostructure. No dependence of 
the g-factor on the orientation of the QPC axis along 
these two crystallographic directions were observed as 
expected from symmetry considerations. The ^-factors 
extracted from our experiment agree qualitatively with 
those reported in Ref. [H [12] and [13] . We observe clear 
spin-splitting, if the in-plane magnetic field B\\ is applied 
parallel to the QPC axis, while no spin-splitting is ob- 
served when B\\ is perpendicular to the QPC axis. Since 
the measured QPCs have lithographical lengths compa- 
rable to their widths, it is remarkable to observe such 
a significant spin effect due to their lateral confinement. 
Furthermore, the emergence of the effect in QPCs, which 



are less ideal ID systems than quantum wires, points to 
the universality of the effect and places less stringent con- 
straints on the mobility. As the role of the confinement 
anisotropy in hole quantum wires is summarized in \T3\ 
and it is the only reported experiment on the (OOl)-plane, 
in the following we will compare our results on hole QPCs 
to those reported in this reference. 
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FIG. 1: (color online) (a) Linear conductance of QPCl as a 
function of the gate voltage in in-plane magnetic fields from 
to 13 T. The orientation of the B\\ with respect to the current 
is indicated in the upper-right corner, (b)-(d) Transconduc- 
tance (numerical derivative of the linear conductance with 
respect to the gate voltage) in arbitrary units as a function of 
the gate voltage and in-plane magnetic field at T = 100 mK 
for QPCl, (45° with respect to magnetic field), QPC2 (paral- 
lel to magnetic field) and QPCS (perpendicular to magnetic 
field). The (blue) high transconductance regimes highlighted 
by the dashed lines indicate the subbands. The correspond- 
ing linear conductance values are indicated on each plateau 
in units of /h. 



EXPERIMENTAL DETAILS 

In this article we present data from three nominally 
identical QPCs fabricated with e-beam lithography and 
shallow wet chemical etching in three different directions 
of the same chip (inset of fig.jlja)). These QPCs called 
QPCl, QPC 2 and QPCS have the lithographical width 
of 230 nm and are oriented under an angle of 45°, 0° and 
90° with respect to the external in-plane magnetic field. 
The host heterostructure is grown on the (OOl)-plane of 
GaAs and is doped with carbon [16 serving as the accep- 
tor for the 2DHG situated 45 nm below the surface. Prior 
to sample fabrication the quality of the 2DHG was char- 
acterized by standard magnetotransport measurements 
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at 4.2 K. A hole density of n = 4 x 10^^ cm~^, and a 
mobility of /i = 200 '000 cm^/Vs were obtained. Further 
details about the fabrication process can be found in [17] . 

Standard four-terminal linear and finite bias differen- 
tial conductance measurements were performed at a base 
temperature of 100 mK in a ^He/^He dilution refrigera- 
tor with a magnetic field up to 13 T in a fixed in-plane 
direction. The misalignment of the magnetic field with 
respect to the plane was less than 2 degrees. Unless ex- 
plicitly mentioned B stands for the in-plane magnetic 
field. 





QPCl 


QPC2 


QPCS 


dVg{l)/dB{mV/T) 


13(±1) 


<1 




dVg{2)/dB{mV/T) 


13(±1) 


17(±2) 


<1 


dVg{3)/dB{mV/T) 




24(zb2) 


<2 


dVg{4)/dB{mV/T) 






<2 



TABLE I: Spin-splitting of the subbands evaluated from the 
gate voltage dependence of the data presented in fig.[l] V^(^) 
denotes the gate voltage at which the n-th subband crosses 
the Fermi energy. The numbers in parentheses are the errors. 
An upper bound for the splitting is indicated for the cases 
where a clear spin-splitting is not observed. 



RESULTS AND DISCUSSION 

Figurejlja) shows the linear conductance G of QPCl 
at T = 100 mK as the in-plane magnetic field is var- 
ied from to 13 T. A constant resistance, attributed 
to the resistance of the leads, is subtracted from the 
raw four-terminal measured resistances to raise the first 
plateau to 2e^ /h. The zero-field conductance steps of 
height 2e^ /h evolve to spin-resolved steps of height /h 
at B =13 T due to the Zeeman splitting. It is conve- 
nient to follow this evolution on the color map of the 
transconductance {dG/dVg)^ shown in fig.jljb), obtained 
as the numerical derivative of the measured linear con- 
ductance with respect to the gate voltage. Figures [TJc)- 
(d) provide similar data for the other two QPCs. The 
signature of spin-splitting can be seen in these figures 
where the high transconductance regimes shown in blue 
indicate the onset of the conductance through the next 
higher subband while the yellow, orange and red areas 
indicate the plateaus or shoulders. A clear Zeeman split- 
ting is observed for QPCl (fig.[ljb)) and QPC2 (fig-jlfc)) 
while for QPCS in which the current flows perpendicu- 
lar to the magnetic field, no spin-splitting is discernible 
up to 13 T (fig.jljd)). Similar effects were observed on 
five other QPCs [18 . Note that QPC2, oriented paral- 
lel to the magnetic field, seems to have a larger splitting 
compared to QPCl which has a 45° angle with the field. 
Additionally, while the first subband of QPC2 does not 
split, consistently with our data acquired on other QPCs 
oriented parallel to the in-plane field and in agreement 
with those reported in [13^, it does split in QPCl. 

Table I quantifies the splitting of the spin subbands 
displayed in fig.[l] The width of the lines is the main 
source of error. For the first subband in QPC 2 and the 
subbands of QPCS an upper bound for the splitting is 
indicated which is based on the width of these lines. 



Calculation of the lever arms 

The common approach to calculate the ^-factor is 
based on the source-drain bias voltage corresponding 
to the ID subband separation, divided by the mag- 



netic field at which the spin-split subband crossings oc- 
cur |8| [9[ [T2j [13] . Due to the strong confinement in our 
QPCs, however, the subband splitting is a factor of 2-3 
larger than the figures reported in the above mentioned 
references and no crossing of spin-split levels happens up 
to a magnetic field of 13 T. Therefore we use a different 
approach which requires an independent determination 
of gate lever arms from the finite bias spectra, to trans- 
form the gate voltage axes in fig. [T] to an energy axis. 

The finite bias differential conductance {dl/dV) of 
QPCl is shown in fig.[2|a). Numbers in the figure in- 
dicate the differential conductance of different plateaus. 
A zero bias anomaly (ZBA) is observed in this QPC as 
indicated by the black arrows. For the purpose of de- 
termining the lever arm, it is more convenient to fol- 
low the transconductance plot which is obtained from 
dl/dV by a numerical derivative with respect to the gate 
voltage. The result is shown in fig.[2|b) for QPCl and 
in fig.|2|c)-(d) for the other two QPCs. Bright areas in 
these plots represent the plateaus with differential con- 
ductances indicated in the figure in units of 2e^ /h. The 
dark regions highlighted by dashed lines are transitions 
between the plateaus due to subbands entering or leaving 
the bias window. Some of these transitions are marked 
in fig.[2|d). While the evolution of the subbands with 
bias exhibits deviations from a linear bias dependence at 
finite bias values because of interaction effects [19 , we 
have used a linear fit as we are only interested here in 
the zero-bias lever arms. The white dashed lines mark 
the alignment of the subbands with the electrochemical 
potential of source and drain. The blue and green dashed 
lines show the evolution of the first subband with the ap- 
plied bias which is anomalous (only one subband crosses 
the source while two subbands cross the drain) due to 
the presence of the 0.7 feature [20]. It is noteworthy 
that the gray dashed lines crossing the second conduc- 
tance plateau, similar to the blue dashed lines that cut 
the first conductance plateau, are probably signatures of 
an '0.7 Analogue' [21 . Therefore we do not consider the 
first subband and the gray dashed line in our analysis in 
this article. Only the white dashed lines are taken into 
account in the following. 



4 




-2-1012-2-1012 
VsD (mV) (mV) 



FIG. 2: (color online) (a) Differential conductance of QPCl 
as a function of the gate voltage and the applied source-drain 
bias at T = 100 mK. A strong zero bias peak is present as 
indicated by the arrows, (b)-(d) Transconductance (numeri- 
cal derivative of the differential conductance with respect to 
the gate voltage) in arbitrary units for QPCl, (45° with re- 
spect to the in-plane magnetic field) QPC2 (parallel to the 
in-plane field) and QPC3 (perpendicular to the in-plane field), 
respectively. Bright areas are plateaus whose non-linear con- 
ductance values are indicated in the figure in units of 2e^//i. 
Dashed lines mark the alignment of the subbands with the 
electrochemical potentials of the source and drain electrodes. 



Vertical dashed lines in fig.|2|b)-(d) evaluate the bias at 
which the electrochemical potential of source and drain 
are aligned with two subsequent subbands and therefore 
give the subband splittings as eV . As a general trend, the 
subband splitting gets slightly smaller as the constriction 
opens up toward more negative gate voltages. This re- 
sults also in a change in the slope of the white dashed 
lines as one moves toward more negative gate voltages. 
Table II summarizes the subband splittings and gate lever 
arms an = 0.bdVsD{n)/dVg{n) obtained from the slope 
of the white dashed lines for subband n averaged between 
the source and the drain lines. The errors are again due 
to the extended width of the lines in fig.[2|b)-(d). 





QPCl 


QPC2 


QPC3 


A£;2,3(meV) 


1.32(±0.05) 


1.14(±0.05) 


0.89(±0.02) 


A£;3,4(meV) 




0.89(±0.05) 


0.77(±0.03) 


a2(meV/V) 


2.6(±0.2) 


2.6(±0.3) 


2.5(±0.2) 


a3(meV/V) 


1.8(±0.1) 


1.9(±0.2) 


1.7(±0.1) 


a4(meV/V) 




1.7(±0.2) 


1.4(±0.1) 



TABLE II: The energy spacing between consecutive subbands 
A^n,n+i, evaluated from the position of the vertical dashed 
lines and the gate lever arm an on subband n. The lever 
arms are calculated from the slopes of the white dashed lines 
in fig. [2] The numbers in parentheses are the errors. 

In-plane anisotorpy of the Zeeman splitting 

The above results can be combined to obtain the Zee- 
man spin-splitting energies per Tesla, from which the 
^-factor can be calculated. In order to be consistent 
with the literature we adapt the definition of the effec- 
tive Lande ^-factor according to eq. ([T]) in which the spin 
of holes is included in the ^-factor. This is plausible as 
the confinement mixes the HHs and LHs, hence prohibit- 
ing a clear spin assignment to the subbands. With this 
definition ^* is obtained in the form of 

* Q^n dVgjn) 
fiB dB ' 

The ^-factors are listed in Table III. Only the absolute 
values of the ^-factors are stated here as their sign cannot 
be deduced from our experiment. The results obtained 
on on two further samples QPC4 and QPC5^ measured 
with current aligned parallel to the magnetic field (TS] 
are also included in this table. 





QPCl 
BZ45°/ 


QPC2 
B II / 


QPC3 
B ±1 


QPC4 
B II / 


QPC5 
B\\I 


92 


0.55(±0.05) 


0.75(±0.1) 


<0.05 


0.45(±0.1) 


0.6(±0.1) 


93 




0.8(±0.1) 


<0.05 


0.65(±0.1) 


0.4(±0.05) 


94. 






<0.05 


0.95(±0.1) 





TABLE III: ^-factor of the ID subbands. Data obtained on 
two further samples QPC4 and QPC5 with current directions 
oriented parallel to the magnetic field [18^ are also included. 
The numbers in parentheses are the errors. 



The numerical value of the ^-factor assigned to the first 
subband is not clear due to the ambiguity in assigning the 
lever arm. Nevertheless it is evident from fig. [l] that the 
first subband in QPCl has a non-zero spin-slitting. The 
ratio between spin-splittings of the second subbands in 
QPC2 and QPCl roughly equals to >/2 expected from 
the alignment of the latter with respect to the field. Basi- 
cally the same result is obtained by dividing the zero-field 
subband splittings by the spin-split crossing fields (ob- 
tained by extrapolating the spin-splitting lines in fig.[l] 
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outside the plots) as commonly performed in the litera- 
ture dealing with ID spin-splitting [8} [9l [T2l [T3] . 

While our measurements are in qualitative agreement 
with these results, a number of quantitative differences 
must be emphasized. We obtain 2-3 times larger values 
of the ^-factor compared to those reported in [13]. As 
discussed in the next section this might be attributed 
to the strong confinement which results in subband split- 
tings that are larger than those of quantum wires studied 
by Chen et al. [13]. This large subband spacing and the 
leakage- limited gate- voltage range is the reason that only 
a few subbands are observed in our experiments. In con- 
trast to those measured in QPC2 and QPC3 we obtain a 
non-zero Zeeman splitting for the first subband in QPCl. 



Possible explanations 

Within a theoretical framework, the anisotropy terms 
in the Hamiltonian for a 2DHG that would result in a 
linear-in-5|| spin-splitting at k\\ = are absent in (001) 
oriented quantum wells. However, a substantial linear 
spin-splitting can be achieved due to the HH-LH mixing 
at = (kx^ky) ^ [H [13]. To linear oder in B\\ the 
Hamiltonian for a 2DHG is [4] 



njHH 
^[001] 



= 4f Vb {BX^X - Byklcjy) 
+ 4f Vb [BxklcJx - Byklcjy) 

+ zl^^^liB {kx^ ky} {Bydx - BxCJy) 



(3) 



+ 0{Bl), 

where hk = —ihV is the momentum operator and the 



^7h7h 



parameters are constants given by 



7h7h 

7h7h 

^7h7h 
^53 



-1.5a>:72>2'i +673^2, 



= +1.5a>:72>2'i 
= +3.0^^73^1 



67372 >2^2, 
673(72 +73)^2. 



71 , 72 and 73 are Luttinger parameteres [H [22] which are 
equal to 6.85, 2.10 and 2.90 in GaAs, respectively, = 1.2 
is the bulk ^-factor of the valence band. The parameters 
Zi and Z2 quantify the bulk and QW confinement contri- 
butions to the HH-LH mixing and depend on the actual 
form of the confinement potential of the 2DHG (see the 
Appendix) . 

In 2D, the Zeeman splitting is obtained by averaging 
the above expression over the Fermi surface [T3|. In ID 
systems the transverse quantization of the wavevectors 
amplifies one of the kx or ky on the expense of the other 
and thus boosts up the corresponding terms in the above 
Hamiltonian. For example, if the current is flowing in 
x-direction (100) with i/j cx (j)n{y)e^^^^ ^ an order of mag- 
nitude estimate of the transverse wavevector ky can be 
calculated from the zero-field subband (kinetic) energies 
using Tn = (^n| ky l^n) /2m* while /c^, ^ at the on- 
set of the opening of a subband as seen in the linear 



conductance measurements. With this substitution only 
the terms {k'^) {—z^iBxCJx ^ zr^2By(Jy) contribute to the 
spin-splitting. This result emphasizes the role of the con- 
finement on the Zeeman splitting as was first pointed out 
in [13 . The ^-factor is proportional to (0^1 ky \(j)n) which 
is proportional to the cumulative subband spacing. Thus 
it can explain why the values of ^-factors in our mea- 
surements mostly increase for higher subbands and why 
our ^-factors are higher than those obtained on quantum 
wires with a weaker confinement [13]. Note that for a 
wide QPC, (^ky) ^ kp (x Us and the ^-factors saturate 
at a value proportional to the density. 

The origin of the confinement anisotropy is, however, 
more subtle and it cannot be directly obtained from the 
above quasi- ID considerations as it was discussed by 
Chen et al. [13]. In order to demonstrate this, we rotate 
45° to the x' and y' axes along [110] and [110] directions 
and obtain 

9*B\\i = 373 (fc^.) 1/^^1 -473^21 (4) 
9*B^i = 373 (fc^.) 1/^^1 - 472221 (5) 

for the absolute values of the ^-factors, independently 
of the two crystallographic directions [110] and [110]. 
The ratio of these two ^-factors depends only on Z2/Z1 
and is plotted in fig. [3]^ a) for two different current di- 
rections with respect to the crystallographic directions. 
In the context of the above quasi- ID theory, our exper- 
imental observation of ^^yj ^ 9b±i i"equires a value of 
Z2/Z1 ^ 0.15. We have calculated this parameter for 
both square and triangular QW confinements and indi- 
cated the values in the figure (see the Appendix). While 
the predictions of the quasi- ID theory with a triangu- 
lar QW (in contrast to a square QW and as anticipated 
by [13 ) gives the correct trend (^^yj > 9b±i)^ does 
not explain the large ratio that is obtained by the mea- 
surements. However, the contrast between square and 
triangular QWs points to the sensitivity of the results on 
the shape of the hole wavefunctions. A precise determi- 
nation of Z2/Z1 requires a more detailed self-consistent 
calculation which is beyond the scope of the present work. 
Nevertheless, an experimental test of the quasi-lD theory 
would be to repeat the experiment in QPCs with a cur- 
rent oriented along [100] and [010] directions. The quasi- 
lD theory predicts a much smaller ^-factor anisotropy in 
that case, as it can be seen from the comparison of the 
red and green curves in fig.jsja) at the experimentally- 
concluded value of Z2/Z1 ^ 0.15. 



Out-of-plane magnetic field 

Similar experiments can be performed to observe the 
Zeeman splitting in a magnetic field perpendicular to the 
plane of the 2DHG. Figurejsjb) shows the transconduc- 
tance of QPCl measured in this particular field direction. 
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A 5^ -dependent series resistance is subtracted from the 
raw data to account for orbital effects in the leads [25 . 
The filling factors on different plateaus are indicated in 
the figure. In addition to the Zeeman spin-splitting of 
the subbands, an orbital shift due to the magnetic field 
is seen in these data. This shift is due to the well-known 
formation of magnetoelectric subbands [26 . Therefore 
to determine the ^-factor, one has to consider the low 
magnetic field regime in which the cyclotron energy is 
much smaller than the subband splitting. Moreover, it is 
not straightforward to transform the gate voltage axis of 
fig.jsjb) to an energy axis. The classical cyclotron radius 
in our system is 100 nm/Tesla, implying that the wave- 
functions are strongly influenced by the magnetic field 
already at a few Tesla and the zero-field lever arms ex- 
tracted from fig.[2|b) are no longer valid. Nevertheless, 
reading the spin-splitting of dVg{2)/dB ^ 0.11 of the 
second subband (the first subband is anomalous because 
of the presence of the 0.7- anomaly) from the low-field 
{B^ < 2T) part of fig.jsjb) and using the zero-field lever 
arm of 0^2 ~ 2.6 as listed in Table II give a perpendicu- 
lar ^-factor of g± ^ 5. This value must be treated with 




FIG. 3: (color online) (a) The ratio of ^-factors for in-plane 
fields along and perpendicular to the QPC axis as a function 
of ZijZx for two different directions of the current with re- 
spect to the crystallographic axes. Our measurements suggest 
Z2lZ\ ^ 0.15 which is different from corresponding values of 
square and triangular QWs. (b) Transconductance (numeri- 
cal derivative with respect to the gate voltage) of QPCl with 
arbitrary unit as a function of gate voltage and magnetic field 
perpendicular to the plane measured at T = 1.1 K. Light- 
blue areas are plateaus whose filling factors are indicated 
in the figure. Red and yellow lines are transitions between 
these plateaus as the subbands pass the Fermi energy, (c) 
Temperature-dependence of the linear conductance for QPCl 
confirming the presence of the 0.7 feature in this QPC. The in- 
set shows the differential conductance along the black dashed 
line in (b) at B± = 10 T, showing a Coulomb blockade- like 
diamond of suppressed conductance. 



some care, although exactly the same number has been 
recently obtained by a different group [29 . For com- 
parison the theoretical perpendicular ^-factor of holes in 
2D is = 6ai: ~ 7.2 |4j which is closer to our result 
than the previously reported g± ^ 2 values measured by 
optical techniques [27l [28] . 



0.7 Anomaly 

Finally we shortly discuss here the 0.7 anomaly which 
is omni-present in the p-type GaAs QPCs studied 
here [25 . As it was shown before, QPCl exhibits a 
strong ZBA in the differential conductance (fig.[2|a)). 
Moreover, in fig.jsjb) the spin-split branches of the first 
subband remain gapped in the limit of zero magnetic field 
at the elevated temperature of 1.1 K, which is a signa- 
ture of the 0.7 anomaly. The evolution of this gap to 
a blue stripe (negative transconductance) at finite fields 
{B± > 4 T) points to a peaked (non- monotonous) linear 
conductance as it was first shown in [25] and was inter- 
preted as the signature of a quasi-bound state forming 
in the QPC. The temperature dependence of the linear 
conductance in QPCl presented in fig.jsj^c) confirms the 
presence of a clear 0.7 anomaly [20 . The inset shows 
the finite bias differential conductance along the dashed 
line in fig.jsjb), testifying that the conductance peak is 
accompanied by a diamond-like region of suppressed con- 
ductance reminiscent of a Coulomb diamond in quantum 
dots l25l. 



CONCLUSION 

We have studied the in-plane and out-of-plane 
anisotropy of the Zeeman spin-splitting in hole QPCs. 
It is shown that the ^-factor is zero if the in-plane mag- 
netic field is applied perpendicular to the current direc- 
tion. The results presented here are in qualitative agree- 
ment with the work presented in Ref. [H [121 [13] • The 
^-factor values are, however, higher than those reported 
in previous works. The role of the confinement in the 
enhancement of the ^-factor was discussed and it was 
shown that although arguments based on the 2D the- 
ory [4 can qualitatively explain the observed features, a 
quantitative understanding is still missing. The signa- 
tures of the 0.7 anomaly in the data have been discussed 
and the out-of-plane ^-factor was estimated, providing 
values which are closer to theory than those reported ear- 
lier. In spite of the fact that the Coulomb interactions 
are supposedly stronger in ID hole systems compared to 
their electronic counterparts, no experimental observa- 
tion of an exchange induced enhancement of the ^-factor 
is observed in these systems. 
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APPENDIX 

In this Appendix we calculate the HH-LH mixing pa- 
rameters Z\ and Z2 for quantum wells with deep square 
and triangular potentials (particle in a box). These pa- 
rameters are given by the perturbation theory [4 as 



^2 



mo 
mo 



E{ 



{hi\kz \ln) {ln\ Z \hi) - {hi\z \ln) {ln\ kz \hi) 



El 



In case of a deep square potential well with a width w we 
obtain 



277r4(37i + 1072) 



(A.l) 



to the leading order, which agree with [4] and give 
Z2/Z1 = 0.0971 independently of the QW width w. Here 
we assume that the hole effective masses in the growth 
direction are 



^0 3 o 



m 



HH 



-^3 = 71 + 272. (A.2) 



m 



LH 



While the knowledge of \hi) and is sufficient for cal- 
culating Zi, their contribution to Z2 is identically zero 
and one has to consider I/2), which is higher in energy 
leading to a smaller Z2. This is not the case for triangu- 
lar QWs and therefore a very different value of Z2/Z1 is 
expected. 

In order to see how sensitive this result depends on the 
exact form of the wavefunction, we calculate the Z2/Z1 
for an infinite triangular QW (neglecting the screening 
and the barrier penetration). The eigen energies and 
corresponding wavefunctions are 



En 



where 



2m* 



(Pn{z) oc Ai 



[37r/2(n — 1/4)]^^^ are the zeros of the 



/ 2m* £ 



Airy function and £ 
tential. Defining a 



e ns/2e is the slope of the po- 
y^jm^EjW and rf* = mo/m*, 



El = —air]h^a^/2mQ and the HH and LH ground state 
wavefunctions are given by 

iph{z) = Al,^/aA^ {Vh^az) (pi{z) = Al^/aA^ {vr^az) 

Ah/1 are normalization constants. Now all the density- 
dependence of the wavefunction is contained in a which 
can be taken out of the matrix elements by a change of 
the variable y = az. The whole task then amounts to 
calculating 



Zi = xll 



and 



Z2 = x/2/3, 



where 



X = 



4|Ah|Vi|' 



(A.3) 



(A.4) 



and the following matrix elements are to be computed. 



POO 

/ dyAi{r]~^y + ai)Ai{r]~'^y + ai) 
Jo 

) 

dyAi{r]~^y + ai)yAi{r]~^y + ai) 

) 

dyAi{r]^^y + ai)dyAi{r]~^y + ai) 



h 
h 
h 



The latter can be computed numerically, giving /i = 
0.7504, I2 = 1.9378 and I3 = 0.1443 in GaAs. Al- 
though the HH-LH mixing parameters Zi and Z2 de- 



pend on the density through Z oc a oc Us 



■2/3 



their 



ratio Z2/Z1 = I2I3/I1 ~ 0.5 is density-independent. 

This result indicates that the ratio Z2/Z1 is very sen- 
sitive to the details of the HH and LH wavefunctions and 
therefore a self-consistent calculation of the wavefunc- 
tions including the effects of barrier penetration, screen- 
ing and the background doping is necessary in order to 
make a quantitative comparison between the experimen- 
tal results and the quasi- ID theory presented here. 
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